Industrial production of lysine from carbohydrates is achieved by utilizing auxotroph and regulatory mutants of Corynebacterium and Brevibacterium spp. (16, 41) . Recently, Schendel et al. (35) generated lysine-overproducing strains of a thermophilic methylotroph, Bacillus methanolicus MGA3 (3, 10) . Use of B. methanolicus MGA3 offers potential economic advantages over the use of coryneforms for amino acid production by lowering both substrate and energy costs of large-scale fermentations. B. methanolicus MGA3 has significant advantages over other methylotrophic bacilli (35) because of the lack of sporulation at high temperatures (50 to 65°C) and under conditions of nutrient limitation.
Feedback inhibition and repression regulate the flow of carbon in bacterial amino acid biosynthetic pathways. For the synthesis of lysine, the initial enzyme, aspartokinase, is a major control point regulated in different bacteria by a complex system of inhibition and repression. Recently, Schendel and Flickinger (36) have characterized the aspartokinase II from B. methanolicus MGA3 and lysine-overproducing homoserine auxotrophs.
Diaminopimelate (DAP) decarboxylase (meso-2,6-diaminopimelate decarboxylase; EC 4.1.1.20), the last step in the lysine biosynthetic pathway, catalyzes the decarboxylation of DAP to lysine (Fig. 1) . In bacilli, DAP decarboxylase plays a crucial role in balancing two essential metabolites, DAP, a component of cell wall peptidoglycan (and a spore wall component), and the amino acid lysine for protein production (31, 33) . The gene encoding DAP decarboxylase (ysA) has been cloned from Escherichia coli (37) , Pseudomonas aeruginosa (28) , Corynebacterium glutamicum (47) , Brevibacterium lactofermentum (27) , and Bacillus subtilis (45) . In E. coli, regulation of lysA is under the positive control of the lysR gene (39) . The E. coli lysA gene is repressed by exogenous lysine, but the DAP decarboxylase enzyme does not appear to be inhibited by lysine (43) . Expression of lysA in C. glutamicum is coupled to the expression of an upstream 550-amino-acid open reading frame (ORF) (26) . As in E. coli, the expression of the lysA gene in C. glutamicum is repressed by exogenous lysine but DAP decarboxylase is not inhibited (8) .
Expression of lysA in bacilli differs from expression in either E. coli or C. glutamicum. Grandgenett and Stahly (11) examined DAP decarboxylase activity in a variety of bacilli and suggested that it is regulated by the intracellular pool of lysine. Rosner (33) first demonstrated that physiological concentrations of lysine (0.2 mM) are able to inhibit the DAP decarboxylase from B. subtilis. Secretion of DAP has been observed during lysine overproduction in homoserine auxotrophs of B. methanolicus MGA3 (14) . This paper describes the isolation and nucleotide sequence of the gene coding for a thermostable DAP decarboxylase from B. methanolicus MGA3 (35) . Physical and kinetic data suggest that the B. methanolicus MGA3 DAP decarboxylase is similar to the DAP decarboxylase of B. subtilis (33) .
(Portions of this work were presented at the Annual Meeting of the American Society for Microbiology, Anaheim, Calif., 13 to 17 May 1990 [28a] , and at the Annual Meeting of the Society for Industrial Microbiology, Orlando, Fla., August 1990 [36a] .) MATERIALS 
AND METHODS
Organisms and plasmids. The bacterial strains, vectors, and plasmids used in this study are shown in Table 1 . E. coli strains were grown in the following: TB (40) , SOC (13) , or M9 minimal medium (25) supplemented with 2.5 ,ug of thiamine per ml, 11 mM glucose, and 50 ,ug of L-lysine per ml. B. methanolicus MGA3 (ATCC 53907) was grown in MY medium (36) (18) . Transformation of E. coli was performed as described by Hanahan (13) . Electrotransformation of E. coli cells was performed by using a Bio-Rad Gene Pulser apparatus as described by Schendel and Flickinger (36) .
DNA cloning. DNA fragments were analyzed by horizontal electrophoresis in agarose gels with TAE buffer (25) . Lambda DNA (Bethesda Research Laboratories) cut with HindIII and BstEII was used as a molecular weight (MW) standard as well as a concentration reference. DNA fragments were isolated from low-melting-point agarose (BioRad) by the method of Langridge et al. (21) .
DNA sequencing and analysis. The nucleotide sequence of the 2.3-kb SmaI-SstI fragment was determined by the method of Sanger et al. (34) . Deletion subclones of the 2.3-kb SmaI-SstI fragment of pDM5 were constructed by unidirectional exonuclease III-S1 nuclease digestion (Erase-a-Base; Promega Corp.). Sequence data were analyzed by using Intelligenetics software supplied by the Molecular Biology Computing Center (MBCC), University of Minnesota.
Nucleotide sequence accession number. The GenBank and EMBL accession number for the primary nucleotide sequence of the 2.3-kb fragment encoding the B. methanolicus MGA3 DAP decarboxylase (see Fig. 4 
RESULTS
Cloning of the B. methanolicus MGA3 lys4 gene. The isolation of the B. methanolicus MGA3 lysA gene was performed by complementation of the E. coli lysine auxotroph strain AT2452 (ysA22 thi-I relAl spoTI). E. coli AT2452 contains a mutation in the DAP decarboxylase gene (lysA22) preventing growth on minimal medium lacking exogenous lysine (6) . This method of isolation of a chromosomal gene by complementation of an E. coli auxotroph has been effective for a variety of genes from gram-positive microorganisms (27, 36, 47) . A chromosomal library of B.
methanolicus MGA3 DNA was prepared by the ligation of 1 ,ug of PstI-cut chromosomal DNA and 3 ,ug of PstI-cut plasmid pBR322 previously dephosphorylated with bacterial alkaline phosphatase. The library was electrophorated into E. coli AT2452, and transformants were plated on M9 minimal medium containing 10 ,ug of tetracycline per ml. Six transformants were picked, and the plasmid was isolated and retransformed into E. coli AT2452 to verify complementation of the lysA22 mutation. Plasmids from all positive clones carried a 12.5-kb insert. The resulting initial plasmid subclone containing the 12.5-kb insert in pBR322 was pDM1.
The subcloning of the lysA-complementing 12.5-kb fragment is shown in Fig. 2 . The 12.5-kb PstI fragment was excised and purified from an agarose gel and restricted with SstI, and the resulting 6.0-and 6.5-kb PstI-SstI fragments were subcloned into a pUC19cm vector previously cut with PstI and SstI (plasmids pDM2 and pDM3). Only the pDM3 plasmid containing the 6.5-kb fragment complemented the E. coli AT2452 lysA22 mutation. The pDM3 plasmid was then cut with SmaI and SstI and the 2.3-kb SmaI-SstI fragment was isolated and ligated into a pUC19cm vector (cut with SmaI and SstI), resulting in plasmid pDM5. The remaining SmaI-SstI-cut pDM3 vector was treated with DNA polymerase (Klenow fragment) to recess the 3' overhang of the SstI cleavage and self-ligated to form pDM4. Upon transformation of E. coli AT2452, only the pDM5 plasmid containing the 2.3-kb SmaI-SstI fragment was able to complement the lysA22 mutation. The pDM5 plasmid was further cut with SstI and AvaII, the cleavage ends were blunted with DNA polymerase, and the plasmid containing the 1.6-kb SmaIAvaIl fragment was isolated and self-ligated to create plasmid pDM6. Plasmid pDM7 was obtained by an AvaII-SmaI digestion of pDM5, after which the recessed AvaII ends were filled in with DNA polymerase and self-ligated. Com Fig.   5 .
In analyzing the E. coli speA gene coding for a biosynthetic arginine decarboxylase, Moore and Boyle (29) noted similarity in structure of DAP, ornithine, and arginine decarboxylase substrates and identified a conserved sequence, FDVGGGL, found in the same relative position in these decarboxylases. This conserved sequence was suggested to provide an environment in which the substrate and PLP are stabilized during the reaction. Examination of the five sequenced DAP decarboxylases (Fig. 5) indicates a region with a high degree of consensus with the arginine decarboxylase FDVGGGL region.
Analysis of the structural similarities between bacterial DAP decarboxylases, eukaryotic ornithine decarboxylases, and arginine decarboxylases revealed six conserved regions in addition to the segment identified by Moore and Boyle (29) (Fig. 6) . The spacing between regions 2, 3, and 4 is also conserved. Among all of the 18 decarboxylases summarized in Fig. 6 , the spacing between regions 2 and 3 varies only by +3 amino acids. The spacing between regions 3 and 4 varies by +3 amino acids in 17 of the 18 decarboxylases compared in Fig. 6 . Stragier et al. (37) localized a PLP mutation to a span of 107 amino acids from residues 214 to 321 of the E. coli DAP decarboxylase (Fig. 5 [bold line] ). This span contains all of regions 4 and 5, two regions with strong identity in all of the decarboxylase sequences shown in Fig.  6 . The fact that these regions are so strongly conserved and the fact that a mutation in this area in the E. coli DAP decarboxylases reduces PLP binding suggest that they are involved in the PLP-and/or substrate-binding site. No similarity to region 6 could be identified in the arginine decarboxylases, perhaps because of differences in the structures of the DAP, ornithine, and arginine substrates.
In all PLP-requiring enzymes, PLP is covalently bound to the e-amino group of a lysine residue via a Schiff base linkage. Many decarboxylases contain a PLP-binding consensus sequence S-X-H-K or simply H-K, with the lysine forming the Schiff linkage to PLP through its 8-amino group (2, 29) . None of the five DAP decarboxylases presented in Fig. 6 contain the S-X-H-K consensus sequence. Recently Poulin et al. (32) identified the lysine residue involved in binding PLP in the mouse ornithine decarboxylase. This lysine residue (mouse ODC K69) (Fig. 6, region 1 
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-355-1 0-335 (44) ; and the bold line indicates the region of the E. coli DAP decarboxylase identified by Stragier et al. (37) to be involved in PLP binding.
conserved across all of the decarboxylases (Fig. 6 ). Further tation of either K-169 or H-197 to alanine abolished enzyme analysis by Poulin et al. (32) identified a cysteine residue activity. Both K-169 and H-197 of the mouse ornithine (C-360) which, along with K-69, formed a covalent adduct decarboxylase appear in regions of conservation among all with the inhibitor ot-difluorormethylornithine. This cysteine the decarboxylases presented in Fig. 6 (regions 2 and 3 ).
residue is also conserved among DAP and eukaryotic orni-MW determination. The subunit MW of DAP decarboxthine decarboxylases (Fig. 6, region 6 ). Lu et al. (24) also ylase was determined to be approximately 50,000 by SDSexamined amino acid residues important for catalytic activ-PAGE analysis (Fig. 7) . This correlates well with the ity of the mouse ornithine decarboxylase. Site-specific mu-predicted MW of the B. methanolicus MGA3 DAP decar- Inhibition of the B. methanolicus MGA3 DAP decarboxylase. Amino acid inhibition of DAP decarboxylases is common among bacilli (11, 12) . An examination of the inhibition patterns of the B. methanolicus MGA3 DAP decarboxylase was necessary since any inhibition would hinder the overproduction of lysine by this strain (35) , resulting in accumulation of DAP. Various amino acids were examined for inhibition by addition to the assay at a concentration of 5 mM (Table 2 ). Alanine and glutamic acid, metabolites secreted by lysine-overproducing mutants of B. methanolicus MGA3 (14) , did not inhibit enzyme activity. Threonine, methionine, and isoleucine inhibited DAP decarboxylase by less than 20%. Lysine inhibited the enzyme by 85%, while S-(aminoethyl)cystine, a lysine analog, inhibited decarboxylase activity by 34%. Mixtures of 0.5 mM lysine and the other aspartate-derived amino acids all increased inhibition to 40 to 50%. This additional inhibition upon addition of 0.5 mM lysine appears to be a combination of the specific lysine inhibition and the nonspecific inhibition by other amino acids. This nonspecific inhibition may be due to free amino acid sequestering PLP cofactor. White and Kelly (43) have shown that the nonspecific inhibition of the E. coli DAP decarboxylase by amino acids other than lysine could be relieved by increasing the concentration of PLP in the assay.
DAP decarboxylase Km and Ki(1ysine) values were determined by nonlinear least-squares fitting of enzyme velocity data (7) . The concentration of DAP necessary for halfmaximal activity was 0.80 mM. This Km is similar to those determined for B. subtilis (1 mM) (33), E. coli (0.17 mM) (43) , and B. sphaericus (1.7 mM) (4). L-Lysine was shown to be a competitive inhibitor (Ki = 0.93 mM) with respect to DAP, with a Ki similar to that determined for B. subtilis (1.5 mM) (33 Fig. 6 suggests that the conserved lysine in region 2 is responsible for Schiff's base formation with the PLP in all the decarboxylases presented. By similar analogy to the work of Poulin et al. (32) and Lu et al. (24) , the histidine in region 3 and the cysteine in region 6 (Fig. 6 ) also may be involved in the catalytic site of all of the decarboxylases shown in Fig. 6 . This type of conservation of structure suggests a common evolutionary origin for these enzymes. (33) . The subunit MW of DAP decarboxylase from both gram-positive and gram-negative bacteria (E. coli [37] , C. glutamicum [47] , P. aeruginosa [28] , B. lactofermentum [27] , B. subtilis [45] , and B. methanolicus MGA3) is approximately 50,000. The native MWs of three gram-positive DAP decarboxylases were found to be in the range of 80,000 to 100,000 for B. subtilis (33) (20) .
Rosner (33) (14, 35) may be feasible. Examination of the regulation of lysA expression in B. methanolicus MGA3 and the effect of lysA gene dosage on lysine production, however, depend on the development of a gene transfer system. To date no genetic delivery system has been reported for these unique methylotrophic bacilli (22) .
